Phytoplasma strains affiliated with groups 16SrI, 16SrIII, 16SrV and 16SrXII have been found in Lithuania, but their insect vectors in the country have not been determined. 'Candidatus Phytoplasma asteris' and 'Ca. Phytoplasma pruni'-related phytoplasma strains were identified in five leafhopper species and three spittlebug species occurring in Lithuania. The occurrence in Lithuania of Anaceratagallia ribauti, reported as a vector of stolbur phytoplasma ('Ca. Phytoplasma solani', subgroup 16SrXII-A) elsewhere in Europe, provokes the question of whether this phytoplasma may be present but yet undetected in Lithuania. The finding of subgroup 16SrI-C strains in A. ribauti, Aphrodes sp., Macrosteles sexnotatus and Euscelis incisus; 16SrI-B strains -in Aphrophora alni, Aphrodes sp. and Cicadella viridis; 16SrIII-B strains -in A. ribauti; and 16SrIII-P -in Aphrodes sp. and E. incisus is consistent with the hypothesis that these leafhopper species are vectors of the respective phytoplasmas in Lithuania. Transmission trials were initiated based on these results. Results thus far have revealed that Lithuanian biotype of E. incisus is capable of vectoring subgroup 16SrI-C phytoplasma strains that are found in Lithuania. The presence of diverse phytoplasmas in three spittlebug species, Aphrophora alni, Lepyronia coleopterata and Philaenus spumarius, indicates that these xylem feeders actually ingested phloem sieve cell contents during feeding on phytoplasmainfected plants, bringing into focus the question of whether some of such xylem feeders might act as occasional vectors of phytoplasmas.
Introduction
Phytoplasmas are wall-less bacteria that inhabit plant phloem tissue and cause hundreds of plant diseases worldwide. Phytoplasmas are mainly transmitted from plant-to-plant by phloem-feeding insects, but also can be transmitted by grafting, vegetative propagation, and by the parasitic plant, dodder (Cuscuta spp.) (Weintraub, Beanland, 2006; Bertaccini, Duduk, 2009 ). Thus far, phytoplasmas classified in four 16Sr groups and twelve subgroups, affiliated with no less than four 'Candidatus Phytoplasma' species, have been reported from various plant hosts in Lithuania (Valiunas et al., 2009) , but data are lacking about insect species that could possibly serve as vectors of phytoplasmas in the country. The main objective of this study was to learn what phytoplasmas Auchenorrhyncha insect species may be transmitting in Lithuania. Our approach was to identify species harbouring phytoplasmas, then to identify those phytoplasmas and plant species serving as hosts for them in areas where the insects were collected, and to initiate tests of selected insect species to determine their ability to transmit phytoplasma. A preliminary synoptic report of part of this work was published in abstract form (Ivanauskas et al., 2011) .
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Possible insect vectors of 'Candidatus Phytoplasma asteris' and 'Ca. Phytoplasma pruni'-related strains in Lithuania (DNA) was extracted from each plant as described by Lee et al. (2006) . Insects were preserved in 90% ethanol until DNA extraction. Adult male specimens were identified to the species level using the keys of Ossiannilsson (1978; 1981; 1983) and Ribaut (1952) by morphological analysis under a stereomicroscope. DNA was extracted separately from each of six Anaceratagallia ribauti (Ossiannilsson, 1938) , one Aphrophora alni (Fallen, 1805), six Aphrodes sp., three Cicadella viridis (Linnaeus, 1758), five Lepyronia coleoptrata (Linnaeus, 1758) and five Philaenus spumarius (Linnaeus, 1758) individuals using Genomic DNA purification kit ("Fermentas", Lithuania). Extracted DNA from insects and plant samples was used as template in three separate experiments, each involving nested polymerase chain reactions (PCRs) primed by universal primer pairs P1A/16S-Sr (Lee et al., 2003; and R16F2n/R16R2n (Lee et al., 2006) . PCRs were carried out and products were analysed as previously described (Lee et al., 1998) . Amplified DNA products of nested PCRs primed by primer pair R16F2n/R16R2n were analysed by single enzyme digestion, according to manufacturer's instructions, with AluI, BfaI, HaeIII, HhaI, HinfI, HpaII, KpnI, MseI, TaqI and RsaI ("Fermentas") .
Restriction fragment length polymorphism (RFLP) patterns were analysed by electrophoresis through a 5% polyacrylamide gel. The DNA size marker was phiX174 DNA/BsuRI (HaeIII) ("Fermentas"). RFLP patterns were compared with patterns previously published (Lee et al., 1998; Jomantiene et al., 2002) . Products of PCRs primed by R16F2n/R16R2n were cloned in Escherichia coli using the cloning kit InsTAclone™ PCR ("Fermentas") and were sequenced using automated DNA sequencing by Macrogen TM sequencing services. Sequence reads were assembled using SeqMan, and alignments of the sequences were accomplished with software MegAlign, DNASTAR LaserGene (DNASTAR, USA) and MEGA version 5 (Tamura et al., 2011) . Nucleotide sequences of the phytoplasma 16S rDNA amplicons were analyzed through the use of BLAST searches at the National Centre for Biotechnology Information web site (http:// www.ncbi.nlm.nih.gov). The iPhyClassifier web tool (http://plantpathology.ba.ars.usda.gov/cgi-bin/resource/ iphyclassifier.cgi) was used to obtain virtual RFLP gel images and to classify phytoplasma strains according to 16Sr groups and subgroups (Zhao et al., 2009 ). Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 5 (Tamura et al., 2011) . Phylogenetic trees were constructed using the neighbourjoining method with default values and 1000 replications for bootstrap analysis.
For insect transmission tests, healthy plants of Madagascar periwinkle (Catharanthus roseus (L.) G. Don) and white clover (Trifolium repens L.) were grown from seed in an isolated greenhouse section equipped with yellow sticky traps for surveillance for insects. Individuals of Euscelis incisus for artificial breeding were collected from healthy-appearing plants in Lithuanian meadows and were placed in insect-proof cages containing white clover plants. Insects in the artificially reared, caged colonies and plants on which they fed in the cages were analyzed for phytoplasma infection; the results were negative. To obtain source plants for insect transmission tests, plants of white clover were collected in a Lithuanian orchard and tested for infection by the 'Ca. Phytoplasma asteris' strain, clover phyllody (CPh) phytoplasma, member of subgroup 16SrI-C. Phytoplasma-positive plants served as the original source of CPh phytoplasma for transmission of the phytoplasma to healthy plants of Madagascar periwinkle by the use of dodder (Cuscuta sp.). The CPh phytoplasma was then transmitted, using dodder, from the infected periwinkle to healthy white clover seedlings. This last set of clover plants was used as CPh source for insect acquisition feeding in the transmission tests. All plants were tested for phytoplasma-free or phytoplasma-infected status before and after the tests of CPh phytoplasma transmission from clover to clover.
The insect transmission tests were carried out in a greenhouse that was equipped with yellow sticky traps for insect surveillance. Groups of 20-30 artificially reared, phytoplasma-uninfected E. incisus 3 rd to 4 th stage nymphs were placed on caged plants (4 plants per cage) of CPh phytoplasma-infected white clover for an acquisition feeding period of 14 days. Surviving individuals (20-25-23, min-max-average) of these insects then were placed, for an inoculation feeding period of 2-3 weeks, on each of 20 white clover plants, and an equal number of healthy control white clover seedlings, without insects, were each held separately in insect-proof cages. After the inoculation feeding period, plants were treated with insecticide, and samples of plant tissue and insects were collected for phytoplasma detection and identification. The plants were held in the cages throughout the duration of the experiment until they died. All plants were tested for phytoplasma infection 2-3 weeks following the 2-3 week inoculation feeding period. Three identical trials were performed: one in 2011 (June-September) and two in 2012 (June-September).
Results and discussion
Two leafhopper species: Anaceratagallia ribauti and an unidentified Aphrodes species, three froghoppers (spittlebugs): Aphrophore alni, Lepyronia coleoptrata and Philaenus spumarius, and one sharpshooter Cicadella viridis (earlier annotated in Lithuania by Söderman et al. (2009) were chosen for phytoplasma testing among the insects collected from orchard and meadow. Phytoplasma-specific 1.2 kbp 16S rDNA fragments were obtained from four of six A. ribauti, from one A. alni, from all six Aphrodes sp., from all three C. viridis, from all five L. coleoptrata, and from four of five P. spumarius individual samples, indicating the presence of phytoplasmas in these insects (data not shown).
RFLP patterns of 16S rDNAs amplified from the detected phytoplasmas indicated that several phytoplasma subgroup taxa were present in the insects tested; RFLP patterns representing the subgroups detected are shown in Figures 1-8 (Table) . The phytoplasmas found in A. ribauti specimens were placed in phytoplasma subgroups 16SrI-C and 16SrIII-B. The phytoplasma strains found in A. alni were affiliated with phytoplasma subgroup 16SrI-B. The strains found in Aphrodes sp. were assigned to phytoplasma subgroups 16SrI-B, 16SrI-C and 16SrIII-P. The phytoplasma infecting C. viridis was assigned to phytoplasma subgroup 16SrI-B; the strains detected in L. coleoptrata were assigned to phytoplasma subgroups 16SrI-B, 16SrI-C; and the strain found in P. spumarius was assigned to phytoplasma subgroup 16SrI-C. Thus, some insect species had fed upon naturally diseased plant(s) that had been infected by more than one phytoplasma taxon. BLAST search analyses of 16S rDNA sequences from phytoplasmas found in the present work in A. ribauti, Aphrodes sp., P. spumarius, and from phytoplasmas found previously in Euselis incisus (Kirshbaum) and Macrosteles sexnotatus (Fallen, 1806) (Ivanauskas et al., 2011) , revealed high similarities with sequences from phytoplasma subgroups 16SrI-B, 16SrI-C, 16SrIII-B and 16SrIII-P. The nucleotide sequences are deposited in GenBank database under accession numbers given in Table. Note. Strain -reference strain of the indicated phytoplasma 16Sr subgroup, bolded -confirmed phytoplasma vector, defaultpossible phytoplasma host/vector; NA -not available; CYE -clover yellow edge, CPh -clover phyllody; AY1 -Maryland aster yellows, DanVir -dandelion virescence.
The newly determined phytoplasma gene sequences, and previously published phytoplasma gene sequences from various phytoplasma rDNA RFLP groups, were aligned and subjected to phylogenetic analysis using Acholeplasma laidlawii as the outgroup. The phytoplasmas found in insects in the present work clustered with phytoplasmas previously classified in subgroups 16SrI-C, 16SrI-B, 16SrIII-B and 16SrIII-P subgroups (data not shown), supporting the current work's classification of the insect-harboured strains. Following the transmission trials, DNA extracted from plants and insects was used as template in PCRs with phytoplasma specific primers. The PCRs yielded products of 1.2 kbp 16S rDNA fragments, confirming phytoplasmal infection in all inoculated plants. RFLP analysis of the products clearly indicated that the plants and insects had been infected by a strain assigned to phytoplasma subgroup 16SrI-C (data not shown), indicating that E. incisus had vectored the CPh phytoplasma from white clover to white clover. The infected white clover plants that had been inoculated by E. incisus in the transmission trials developed symptoms including stunting, leaf chlorosis and leaf reddening.
Data obtained from experiments revealed five known Auchenorryhcha species and one unidentified species from the genus Aphrodes as possible candidate vectors/hosts of three different phytoplasmas in Lithuania. Some phytoplasmas may be transmitted by more than one insect species, and a single insect species possibly is capable of transmitting any of several different phytoplasmas. For example, it is possible that the subgroup 16SrI-C phytoplasma, CPh phytoplasma, is transmitted/harboured in Lithuania by six different Auchenorrhyncha species: A. ribauti, L. coleoptrata, P. spumarius, E. incisus, M. sexnotatus and Aphrodes sp. (Ivanauskas et al., 2011) . Phytoplasmas belonging to subgroup 16SrI-B are possibly transmitted/harboured in Lithuania by five different insect species: A. alni, Possible insect vectors of 'Candidatus Phytoplasma asteris' and 'Ca. Phytoplasma pruni'-related strains in Lithuania 
C. viridis, L. coleoptrata, P. spumarius and Aphrodes sp.
A. ribauti is a possible candidate as vector of phytoplasma subgroup 16SrIII-B. Two insect species, Aphrodes sp. and E. incisus were identified as possible vectors of dandelion virescence phytoplasma (subgroup 16SrIII-P) (Ivanauskas et al., 2011) .
Results from analyses of plants growing in the area where the insects were collected for this work revealed that phytoplasma subgroup 16SrI-B was present in cocksfoot (Dactylis glomerata L.), hawkweed oxtongue (Picris hieracioides L.), common centaury (Centaurium erythraea Rafn.), red clover (Trifolium pratense L.). On the other hand, phytoplasma strains belonging to subgroup 16SrI-C were found in cherry plum (Prunus cerasifera Ehrh.), white clover (T. repens L.) and creeping thistle (Cirsium arvense (L.) Scop.). Phytoplasma strains belonging to subgroup 16SrIII-P were found only in dandelion ( Taraxacum the studied insect species and associated phytoplasmas (Staniulis et al., 2000; Jomantiene et al., 2002) , the data not only could reveal plant hosts of the phytoplasmas, but also may be providing insights into feeding preferences of these insects in their natural habitats. The most common phytoplasma vectors are leafhoppers and planthoppers (suborder Auchenorrhyncha) and psyllids (suborder Sternorrhyncha) in the order Hemiptera. Xylem feeding Auchenorrhyncha insects from superfamily Cercopoidae belonging to subfamily Cicadellinae are considered as not capable of transmitting phytoplasmas (Bosco, D'Amelio, 2010) , as phytoplasmas are phloem restricted organisms. Insects such as A. alni, L. coleoptrata, P. spumarius and C. viridis are described as strict xylem-feeders (Purcell, 2008; Weintraub, Wilson, 2010) . However, phytoplasmas have been reported in xylem-feeding Cercopoidea insects, e.g., P. spumarius (Matteoni, Sinclair, 1988; Seemüller, 1990; Sinclair, 2000; Landi et al., 2007; Orságová et al., 2011) , and studies on xylem feeding by spittlebugs showed that by 318 Possible insect vectors of 'Candidatus Phytoplasma asteris' and 'Ca. Phytoplasma pruni'-related strains in Lithuania positioning their stylets they can puncture phloem and ingest its sap (Crews et al., 1998) . The finding of several different phytoplasma lineages in diverse Auchenorrhyncha species in Lithuania assumes increased significance in light of published reports that these insect species could be active vectors in the spread of phytoplasmas in other geographic areas. For example, research carried out in other regions has shown that A. ribauti is a vector of 16SrXII-A phytoplasmas (Riedle-Bauer et al., 2008) , and A. alni is regarded as a possible vector (to date unconfirmed) of apple proliferation phytoplasma (phytoplasma group 16SrX) (Seemüller, 1990) . Aphrodes bicincta (Shrank) is a confirmed vector of phytoplasma subgroups 16SrI-A, 16SrI-C, 16SrIII-B, 16SrIV and 16SrXII-A, and possibly other phytoplasmas in other regions (Nielson, 1968; Brčák, 1979; Lee et al., 1998; Weintraub, Beanland, 2006) . C. viridis has been reported as a suspected vector of yellows disease (Mazzoni et al., 2001) . L. coleoptrata is described as a possible vector of apple proliferation phytoplasma ('Ca. Phytoplasma mali', phytoplasma group 16SrX) (Seemüller, 1990) (to date unconfirmed); we found that this insect species also may be a host/vector of phytoplasmas belonging to subgroups 16SrI-B and 16SrI-C in our region. P. spumarius is an unconfirmed vector of phytoplasmas classified in group 16SrV (Matteoni, Sinclair, 1988) , subgroup 16SrIII-A (Landi et al., 2007) and possible vector of group 16SrX (apple proliferation phytoplasma group) (to date unconfirmed) (Seemüller, 1990 ). This species is possibly a host/vector, not only for subgroup 16SrI-C strains, but also for 16SrIII and 16SrV group phytoplasmas in Lithuania. From earlier studies of suspected viruses, E. incisus is known as a vector of the clover phyllody pathogen (now classified as a phytoplasma belonging to subgroup16SrI-C), clover witches' broom, clover stolbur, clover stunt and parastolbur diseases in regions outside of Lithuania (Nielson, 1968) . E. incisus is also now known elsewhere as a vector of phytoplasma strains classified in subgroups 16SrXII-A, 16SrVI, 16SrI-C and 16SrI-B (Brčák 1979; Weintraub, Beanland, 2006) . We have confirmed that this species is capable of transmitting a subgroup 16SrI-C phytoplasma, and possibly transmit subgroup 16SrIII-P phytoplasmas, which thus far have been found only in Lithuania and only in a single host plant species, T. officinale (Jomantiene et al., 2002; Ivanauskas et al., 2011) . Perhaps, it is more important that E. incisus may pose a threat as a vector of stolbur phytoplasma in Lithuania.
Further studies are needed to determine whether the five identified Auchenorrhyncha species and the unidentified Aphrodes sp., found to carry phytoplasmas in Lithuania, are also capable of transmitting the Lithuanian phytoplasma strains to plants. Continued study should also reveal additional insect species as candidate vectors of phytoplasmas in this region. In providing base data for further experimentation, this work opens a new pathway toward understanding the spread of phytoplasmal diseases in Lithuania, and toward eventual design of effective disease management strategies.
Conclusions
1. Euscelis incisus was confirmed to transmit 16SrI-C subgroup phytoplasmas in Lithuania.
2. Anaceratagallia ribauti, Aphrophora alni, Cicadella viridis, Lepyronia coleoptrata, Philaenus spumarius, E. incisus, Macrosteles sexnotatus and Aphrodes sp. were found to harbour phytoplasmas from 16Sr I-C, 16SrI-B and 16Sr III-B, 16SrIII-P subgroups.
3. A. ribauti, L. coleoptrata, P. spumarius, E. incises and Aphrodes sp. were found to harbour phytoplasmas that belong to more than one 16Sr subgroup.
4. Although A. alni, L. coleopterata and P. spumarius are described as xylem feeders, they ingested phloem sieve cell contents with phytoplasmas during experimental feeding on infected plants. Their role in phytoplasma transmission is under question.
